ABSTRACT. Wild type and calmodulin mutants (cam) of Paramecium tetraurelia were examined for cold-sensitive responses. Among mutants tested, cam12 and cam13 mutants, which have substitutions in N-terminal lobe of calmodulin molecule, reduced both responses in the swimming and the membrane potential.
ABSTRACT. Wild type and calmodulin mutants (cam) of Paramecium tetraurelia were examined for cold-sensitive responses. Among mutants tested, cam12 and cam13 mutants, which have substitutions in N-terminal lobe of calmodulin molecule, reduced both responses in the swimming and the membrane potential.
Under voltage clamp conditions, the cooling stimulus to the wild type cell induced a transient inward current whose amplitude increased with the rate of temperature drop. The cam12cell did not induce inward currents in response to cooling with a rate slower than -0.4°C/s. The reduced current response of cam12 mutant was restored by an external application of a phosphodiesterase inhibitor, theophylline. Also, an intracellular injection of hydrolysis-resistant cyclic nucleotides, either 8-bromoadenosine 3',5 -cyclic monophosphate (8-Br-CAMP) or 8-bromoguanosine 3,5'-cyclic monophosphate (8-Br-CGMP), restored the current response. Such restoration was accompanied by shifts of the resting potential to hyperpolarized levels and by an increase in the membrane conductance. The results suggest the possibility that calmodulin and cyclic nucleotide regulate K+ channels responsive to the cooling stimulus.
Thermosensory receptors are ubiquitous in many organisms, and they are specified as warm and cold receptors. However, the mechanisms of thermosensory-transduction are not well understood. (23, 24) . The role of calmodulin in exocytosis has also been denned through analyses of these calmodulin mutants (8).
In the present study, we compare the cold-sensitive responses between the wild type and the calmodulin mutants. The results show that cam12 and cam13 mutants are defective in the cold-sensitive response. In addition, the defect of cam12 is restored either by an external application of theophylline or by an intracellular injection of cyclic nucleotides. These results suggest that calmodulin and cyclic nucleotides are included in the cold-sensory transduction chain.
MATERIALS AND METHODS
Cell culture. Paramecium tetraurelia, wild type (stock 51 s) and the following calmodulin mutants supplied by Dr. C. Kung (Madison, WI, USA) were used; Pantophobiac type mutants that show a strong backward swimming in Na+ solution were cam1 and'cam2. Fast-2 type mutants that show no backward swimming in Na+ solution were cam12 and cam13 (9).
Wild and mutant cells were cultured in hay infusion inoculated with Klebsiella pneumoniae. Culture temperature was kept constant at 25°C by incubating culture vessels in a water bath. Stationary cells were collected by low speed centrifugation and suspended in a standard solution. The cell suspension was left for 1 h or more at 25°C prior to the experiments.
Solutions. The standard solution contained 1 mM CaCl2, 0.5 mM MgCl2, 4mM KC1, 1 mM HEPES (pH 7.2, adjusted with Tris+). In some cases of current measurement, 10 mM NaCl was added to the standard solution or MgCl2 was omitted from the standard solution. Theophylline (Wako, Japan) was added to the standard solution in a final concentration of 5 mM. The solution for intracellular injections contained either 1 mM 8-bromo-CAMP or 1 mM 8-bromo-CGMP and 2 mM HEPES-Tris (pH 7.2, adjusted with KOH). Chemicals used for the microinjection were obtained from Sigma. Behavioral assays. Cells suspended in the standard solution were placed in a glass vessel whose temperature was controlled by water flow beneath it (18) . An abrupt change of the temperature was achieved by switching a valve connected to outlets of two different temperature-regulating units. The temperature of the cell suspension was measured with a thermistor placed in the vessel. The time constant of the thermistor was 0.4 s. Swimming behavior of cells was monitored with a video camera mounted just above the vessel and was recorded by a video-tape recorder. Swimming tracks of 1 s duration were obtained from the video record by using an image processor (Image Sigma-2, Avionics, Japan). Among the swimming tracks of 70-150 cells, those that changed the swimming direction were counted and this fraction was taken as frequency of directional changes. Intracellular recording. Membrane potential and membrane current were measured by the methods described previously (15) . Microelectrodes used for the current clamp con- ) and the supernatant was used for the measurements of CAMPand CGMPwith a radio-immuno assay kit (Yamasa, Japan). For estimation of intracellular concentrations of cyclic nucleotides, the cell volume was calculated to be 100 pi from the microscopic observation of the cell size.
RESULTS
Swimming responses to cooling. When the temperature of cell vessel started to drop from 25°C with an initial rate of cooling, -0.13°C/s, wild-type P. tetraurelia rapidly increased the frequency of directional changes in the swimming, attained a peak value after 10-20 s, and decreased gradually thereafter ( Fig. 1 ). Calmodulin mutants, cam1 and cam2 increased transiently the frequency of directional changes, which were similar to the wild type cell. On the other hand, cam12 and cam13 mutants showed almost no or only a small increase in the f requency of directional changes upon cooling.
Membranepotential responses to cooling. (Fig. 3A) . These current responses were tested at various membrane potentials.
The current amplitudes of the wild type cell increased with positive shifts of the potential, and decreased with negative shifts. Reversal of the current direction occurred at about -40 mV (Fig. 3B) . On the other hand, cam12 showed no current responses, irrespective of the membrane potential.
Because cam12 mutant lacks both Ca2+-dependent Na+ channels and Ca2+-dependent Mg2+ channels (9, 10), the current response upon cooling of the wild type 
cells might include
Na+ or Mg2+ current. So, the current response of the wild type cell was therefore tested in the medium containing 10 mM NaCl or in the medium without MgCl2. However, neither the amplitude nor the reversal potential of the current responses changed from those seen in the standard solution (Fig. 3B) .
Effect of cooling rate on the current response. When the initial rate of cooling from 25°C was slower than -0.34°C/s, the wild cell responded with an inward current, whereas cam12 did not show such current (Fig. 4A) . When the rate of cooling was higher than -0.46°C/s, cam12mutant began to display a current response whose amplitude was smaller than that of the wild type (Fig. 4A, B) . Therefore, cam12 mutant cells retained an attenuated sensitivity to the cooling stimul us as compared to the wild-type cell. Effects of theophylline and cyclic nucleotide-injection.
In an attempt to restore the cooling sensitivity of cam12 mutant cells, we found that the phosphodiesterase inhibitor theophylline restored the sensitivity. Amplitudes of the current responses at various membrane potentials were then compared under those conditions which caused current responses upon cooling at -0.34°C/s (Fig. 5B) . The current amplitudes elicited after addition of theophylline were slightly larger than those restored by the injections of 8-Br-CAMP and 8-Br-CGMP, and amplitudes caused by both 8-Br-CAMP and 8-Br-CGMPwere almost similar to that of the wild type cell. All these current responses were reversed at about -40mV. The results suggest that addition of theophylline or cyclic nucleotide-injection can restore the cooling sensitivity of cam12 mutant.
Membrane potentials and membrane resistances. Under the conditions that restored the current response of cam12 mutant, the resting potential and the membrane resistance changed from the control condition (Table I ). The resting potential of the cam12 slightly depolarized from that of wild type, and the membrane resistance of cam12 mutant was 1.2 times larger than that of the wild type. When the cam12 mutant was transferred into the medium containing theophylline or injected with 8-Br-CAMP or 8-Br-CGMP, the membrane potentials shifted to hyperpolarized levels and the membrane resistances decreased from those of the original condition. These changes agree with previous reports on the effects of cyclic nucleotides and analogs on Paramecium The present results suggest that calmodulin is involved i n the sensitivity to the cooling stimulus. It has been shown that cam1 and cam2mutants have a defect in generating the Ca2+-dependent K+ current, and that cam12 and cam13 mutants can generate neither the Ca2+-dependent Na+ current or the Ca2+-dependent Mg2+ current (9, 10, 22). These findings suggest that, firstly, the Ca2+-dependent K+ current is unlikely to be involved in the inward current response upon cooling, because cam1 and cam2mutants responded to the cooling stimulus as well as wild type cells. Secondly, the assumption that the reduced sensitivity of cam12 might be related to the defect in the inward Na+ current or the Ca2+-dependent Mg2+ current is not realistic, because an external addition of Na+ or removal of external Mg2+ changed neither the amplitude of current response nor the reversal potential of the cooling-sensitive current.
Previous reports have shown that the transient depolarization upon cooling is accompanied primarily by a decrease in the membrane conductance for K+ at the resting potential (7, 16). In the present study, the amplitudes of the current responses were decreased by hyperpolarization and reversed at approximately -40 mV, which is almost the equilibrium potential for K+ (19, 20) . Therefore, the present results also suggest that the cooling stimulus induces transient changes in the membrane conductance for K+. Comparison of the membrane resistances at the resting state, shows that cam12 mutant input resistance is 1.2 times larger than that of the wild type (Table I ). The reduced cooling sensitivity of cam12 mutant might be related to this increase in membrane input resistance.
Because most of the resting conductance is based on open K+ channels (13) , a reduction of the conductance carried by K+ at rest will increase the membrane resistance of cam12 mutant and presumably reduces the cooling sensitivity.
Such considerations are in line with cam12 mutant defect in a K+ current activated by hyperpolarization (R. Preston, personal communication).
Restoration of the cooling-sensitive response in cam12. Application of theophylline or injection of cyclic nucleotide analogs into cam12 cells caused the membrane resistance to decrease to %\% or 61%, and these treatments shifted the membrane potential to hyperpolarized levels (Table I) . Such changes in the cam12 membrane accompanied the restoration of the cold-sensitive current whose reversal potentials were almost the same as that of the wild-type cell (Fig. 5B) . These results suggest that the decreased resting conductance of cam12 membrane is elevated by some effect of cyclic nucleotides, and the increased conductance may be a part of the cooling sensitive response. The causes for the channel activity to be transiently suppressed upon cooling remain to be determined.
